Background-The outcomes of procedures are often better when they are performed by more experienced physicians. We assessed whether the rate of complications after implantable cardioverter-defibrillator (ICD) placement varied with the volume of procedures a physician performed. Methods and Results-We studied 356 515 initial ICD implantations in the National Cardiovascular Data Registry-ICD Registry, performed by 4011 physicians in 1463 hospitals. We examined the relationship between physician annual ICD implantation volume and in-hospital complications, using hierarchical logistic regression to adjust for patient characteristics, implanting physician certification, hospital characteristics, hospital annual procedure volume, and the clustering of patients within hospitals and by physician. We repeated this analysis for ICD subtypes: single chamber, dual chamber, and biventricular. There were 10 994 patients (3.1%) with a complication after ICD implantation, and 1375 died (0.39%). The complication rate decreased with increasing physician procedure volume from 4.6% in the lowest quartile to 2.9% in the highest quartile (PϽ0.0001), and the mortality rate decreased from 0.72% to 0.36% (PϽ0.0001). The inverse relationship between physician procedure volume and complications remained significant after adjusting for patient, physician, and hospital characteristics (OR 1.55 for complications in lowest-volume quartile compared with highest; 95% confidence interval, 1.34 -1.79; PϽ0.0001). This inverse relationship was independent of physician specialty and of hospital volume, was consistent across ICD subtypes, and was also evident for in-hospital mortality. Conclusion-Physicians who implant more ICDs have lower rates of procedural complications and in-hospital mortality, independent of hospital procedure volume, physician specialty, and ICD type. (Circulation. 2012;125:57-64.)
P
hysicians who perform more procedures generally have fewer complications and better clinical outcomes. Among cardiovascular procedures, the inverse relationship between procedural volume and outcomes has been most consistently shown for coronary artery bypass surgery and percutaneous coronary interventions. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Several studies have shown that higher physician volume of pacemaker implantations is associated with improved outcomes, [17] [18] [19] [20] [21] which suggests that a similar relationship may exist for implantable cardioverterdefibrillators (ICDs). The only prior study of this question analyzed Medicare claims of 9854 patients who received an initial ICD between 1999 and 2001 and showed that higher physician procedure volume was associated with fewer mechanical complications and infections, but not with death, within 90 days after ICD implantation. 22 However, that study was based on a relatively early experience with ICD implantation and may not apply to contemporary practice, which has included the increased use of biventricular ICDs since 2002. 23 Implantation of biventricular ICDs, which now constitutes almost 40% of all ICDs, is more complex, and procedural complications may be particularly dependent on the experience of the implanting physician. In addition, this earlier study did not control for the effect of hospital volume of ICD implantation, which we recently demonstrated is inversely associated with procedural complications. 24 Finally, because this earlier study was in Medicare beneficiaries, it did not include younger patients and was based on administrative data, which do not have the strict data quality standards of large clinical registries and do not capture the full range of procedural complications.
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We therefore analyzed the most recent experience of the National Cardiovascular Data Registry (NCDR) ICD Registry to examine the relationship between physician procedure volume and in-hospital complications and death in a large contemporary population controlling for confounding factors such as patient clinical characteristics, hospital volume, and physician specialty. We further evaluated whether the relationship between physician volume and outcome was consistent in all ICD subtypes, including single-chamber, dualchamber, and biventricular ICDs.
Methods
The NCDR ICD Registry was initiated in 2006. Although hospitals are required to submit data only on ICD implantations for primary prevention among Medicare patients, 80% of hospitals submit data on all ICD implantations performed, irrespective of the payor or clinical indication. As described in detail elsewhere, [25] [26] [27] clinical, demographic, and procedural data are recorded using a standardized format based on established data definitions. Data on any in-hospital adverse events related to the procedure are recorded in the ICD Registry; long-term follow-up data are not available currently.
For the purposes of this study, we examined all patients who had an ICD implanted between April 2006 and March 2010. Participating hospitals met the data quality standards established by the NCDR of 95% completeness of specific core data elements and participation in the site auditing program (annual on-site chart review and data abstraction for at least 5% of participating sites). 27 A priori, we excluded patients who had a previous ICD or who required epicardial lead placement because the complications of these procedures were likely to differ from those of initial ICD implantations and were more likely than initial implantations to be performed by specialty physicians. The primary outcome for this study was any adverse event that occurred during the implantation or preceding hospital discharge. Major adverse events were defined a priori as cardiac arrest, cardiac perforation, valve injury, coronary venous dissection, hemothorax, pneumothorax, deep vein thrombosis, transient ischemic attack, stroke, myocardial infarction, pericardial tamponade, and arteriovenous fistula. Any adverse event included these major adverse events, as well as drug reaction, conduction block, hematoma, lead dislodgement, peripheral embolus, superficial phlebitis, peripheral nerve injury, and device-related infection.
We identified physicians who implanted ICDs by their National Provider Identifier number. We used the hospital and physician National Provider Identifier database created by the Centers for Medicare and Medicaid Services 28 to verify identifiers by crossreferencing them with the Unique Physician Identifier Number and physician names. We collected data on physician certification by searching the databases of the American Board of Internal Medicine, the Society for Thoracic Surgery, and the American College of Surgery. 26 We categorized physicians as electrophysiologists, nonelectrophysiologist cardiologists ("cardiologists"), thoracic surgeons ("surgeons"), physicians who met the training standards for ICD implantation promulgated by the Heart Rhythm Society, 29, 30 or none of the above. We annualized physician procedure volume by dividing the total number of ICD implantations a physician performed by the number of years the physician contributed data to the NCDR ICD Registry. We ranked physicians by their annualized ICD implantation volume and divided them into quartiles of increasing procedure volume for analysis.
Statistical Methods
We evaluated the baseline patient clinical characteristics, implanting physician certification, and hospital characteristics among quartiles of physician annual procedure volume using ANOVA for continuous variables and the 2 test for categorical variables. We compared the crude rate of adverse events stratified by quartiles of physician annual ICD volume. We used the Cochran-Armitage test to assess the trend across quartiles for the overall quartiles and then stratified by subtype of ICD. In the primary analysis, we used hierarchical logistic regression to test for a declining rate of adverse events with increasing physician procedure volume for the overall cohort, unadjusted for other characteristics. We repeated this analysis sequentially adjusting for patient characteristics (demographics, medical history, diagnostics), physician certification (electrophysiology board certified, electrophysiology fellowship, surgery board certified, Heart Rhythm Society guidelines, none), hospital characteristics (number of beds, teaching status, urban location), and finally hospital annual procedure volume and patient clustering by hospital and physician. In a secondary analysis, we performed the same fully adjusted hierarchical logistical regression for each of the ICD subtypes (single chamber, dual chamber, and biventricular) to evaluate the consistency of the relationship between physician volume and outcome according to the type of ICD implanted.
To evaluate whether the relationship between physician ICD procedure volume and adverse events was independent of physician training and hospital volume, we evaluated the rate of complications stratified by quartiles of physician annual procedure volume and then stratified by categories of physician training and hospital volume. To further separate the effect of physician factors from hospital factors on the rate of adverse events, we compared the rate of adverse events for ICD implantations that were performed by the same physician at different hospitals. We identified the 2 hospitals in which each physician performed the most ICD implantations and designated the hospital with the greater number of ICD implantations as the higher-volume hospital (mean hospital volume, 97) and the second hospital as the lower-volume hospital (mean hospital volume, 23). The Human Investigation Committee of the Yale University School of Medicine approved the use of data from the ICD Registry for research purposes. Physician annualized ICD procedure volume varied widely, with a median of 16 implantations per year (interquartile range 4 -37). Clinical characteristics of patients varied somewhat by physician ICD procedure volume (Table 1). Patients who had an ICD implanted by a physician in the highest quartile of volume were slightly older, more likely to have a diagnosis of congestive heart failure, and more likely to have more severe heart failure symptoms (New York Heart Association functional class III-IV). Other clinical differences were small in absolute terms (Ͻ2%) yet were statistically significant because of the large sample size in the study. More of the high-volume physicians were boardcertified cardiac electrophysiologists. In addition, implantations performed by high-volume physicians were more likely to be done at hospitals that were teaching institutions located in urban areas that had more patient beds.
Results

Between
Overall, 10 994 patients (3.1%) had an in-hospital adverse event after ICD implantation, 4170 (1.2%) experienced a major adverse event, and 1375 died (0.4%). The rate of adverse events was lower among patients who received a single-chamber ICD (1.9%) than among patients who received a dual-chamber ICD (2.9%) or a biventricular ICD (4.1%). The most common adverse events (Table 2) were lead dislodgement (1.0%), hematoma (0.9%), pneumothorax (0.4%), and cardiac arrest (0.3%).
The unadjusted rate of any adverse event declined significantly (P-trend Ͻ0.0001) with increasing physician procedure volume (Table 3 and the Figure) . The inverse relationship between physician procedure volume and clinical 
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outcomes was also evident when the analysis was restricted to major adverse events (P-trend Ͻ0.0001, Table 3 ) and to mortality (P-trend Ͻ0.0001, Table 3 ). The overall inverse relationship between physician ICD volume and any adverse event remained statistically significant after successive adjustments for patient characteristics, implanting physician characteristics, hospital characteristics, and hospital procedure volume (Table 4 ). The inverse relationship between physician ICD volume and periprocedural mortality also remained significant (PϽ0.05) after full adjustment. We repeated the analysis of physician procedure volume and outcomes using different specifications for volume. The inverse relationship between physician procedure volume and any adverse event remained significant (PϽ0.0001) when volume was analyzed as a continuous variable and also when physician procedure volume was classified using alternative volume categories (Յ30; Ͼ30 and Յ51; Ͼ51 and Յ75; and Ͼ75) with roughly equal numbers of procedures in each category. These results remained significant (PϽ0.0001) even after adjustment for patient characteristics, implanting physician characteristics, hospital characteristics, and hospital volume.
Physician Specialty and Adverse Events
Because physician specialty has been previously shown to affect adverse events after ICD implantation, 26 we examined the relationship between ICD procedure volume and outcomes among physicians with different types of training (Table 5 ). An inverse relationship between procedure volume and adverse events was evident for all types of physician training except for surgeons, a group with a relatively small sample size (404 total, with only 4 surgeons in the highest volume quartile) ( Table 5 ). There was no significant interaction between physician procedure volume and physician specialty (P-interaction ϭ0.32) and the occurrence of any adverse event.
Hospital Volume and Adverse Events
Because hospital volume of ICD implantations has been previously shown to affect the rate of adverse procedural events, 22, 24 we sought to separate the effect of physician volume from that of hospital volume. This inverse relationship between physician ICD procedure volume and outcome was evident for implantations performed at higher-volume and lower-volume hospitals (Table 5) . Many physicians implanted ICDs at Ͼ1 hospital: A total of 1042 physicians (26%) performed ICD implantations at 2 hospitals, 447 physicians (11%) at 3 hospitals, and 384 physicians (10%) at Ն4 hospitals. The rate of any adverse event did not differ statistically (Pϭ0.26) when the same physicians performed ICD implantations in the highervolume hospitals (3.02%) or in lower-volume hospitals (3.12%). The rate of major adverse events (1.10% versus 1.19%, Pϭ0.10) and the rate of death (0.38% in 0.37%, Pϭ0.67) also did not differ for implantations done in highervolume versus lower-volume hospitals by the same physicians.
ICD Subtypes and Adverse Events
The inverse relationship between physician procedure volume and in-hospital adverse events was evident for each ICD subtype, including single-chamber (PϽ0.0001), dualchamber (PϽ0.0001), and biventricular devices (PϽ0.0001). The fully adjusted odds of any adverse event after ICD implantation for the lowest-volume quartile compared with the highest-volume quartile of physicians were similar (interaction Pϭ0.16) for dual-chamber ICDs (odds ratio 1.73, confidence interval 1.42 to 2.11), biventricular ICDs (odds ratio 1.42, confidence interval 1.07-1.87), and singlechamber ICDs (odds ratio 1.29, confidence interval 0.93- 
Freeman et al Physician Volume and ICD Outcomes
1.80). However, the absolute difference in the rate of any complication between the highest and lowest quartiles of procedure volume was larger for biventricular (3.9% versus 6.3%) and dual-chamber devices (2.5% versus 5.1%) than for single-chamber devices (1.7% versus 2.7%).
Discussion
This study demonstrates that the patients treated by physicians who implant ICDs more frequently are less likely to have an in-hospital complication or die as a result of the procedure. This effect was independent of physician specialty training and hospital ICD procedure volume, and the relationship remained significant even after adjusting for patient, physician, and hospital characteristics, as well as for clustering of patients within hospitals and physicians. Furthermore, the inverse relationship between physician volume and outcome was evident for all subtypes of ICDs, including singlechamber, dual-chamber, and biventricular ICDs. Al-Khatib and associates 22 found physician volume of ICD procedures to be inversely proportional to the risk of mechanical complications and infections at 90 days among 9854 Medicare beneficiaries between 1999 and 2001; however, that study may not apply to contemporary experience with ICD implantation because it was conducted early on the learning curve for ICD implantation: In 2009, there were over twice as many ICDs implanted in the United States than in 2000. 23 In addition, implantation of biventricular ICDs was infrequent before 2002, and these devices now constitute nearly 40% of ICD implantations in the United States. Biventricular ICDs require cannulation of the coronary sinus and placement of an additional lead and as a consequence have a 2-fold higher complication rate than single-chamber ICDs. We also examined a full range of patient ages and a much more comprehensive set of complications based on the high-quality clinical data contained in the NCDR ICD Registry. Our study shows that the inverse relationship between physician volume and in-hospital complications and death is independent of hospital volume, which we have previously shown to be associated with outcomes (Tables 4 and 5 ). 24 The relationship between physician procedure volume and outcome has been difficult to disentangle from that of hospital volume, in part because physicians may perform procedures at several hospitals, and several different physicians may perform procedures in the same hospital. Birkmeyer and associates examined the relative contribution of surgeon volume and hospital volume to operative mortality among Medicare beneficiaries and showed that surgeon volume accounted for roughly half of the effect of hospital volume on the outcomes of coronary artery bypass grafting and abdominal aneurysm repair. 31, 32 The outcomes of patients undergoing major surgery or being treated for a life-threatening illness, such as acute myocardial infarction, may be particularly dependent on hospital-level factors, as they require the care of multidisciplinary teams over extended hospitalizations, and therefore coordination and attention to processes of care ought to have a substantial effect on outcome. By contrast, outcomes of elective procedures such as ICD implantations that are performed under local anesthesia and require relatively brief postprocedure monitoring may depend more on the skills of the individual physician who performs the procedure.
A physician's level of training and type of board certification are also potential markers of procedural skills and have previously been shown to affect the risk of an adverse procedure event after ICD implantation. 26 It may be difficult to separate the effect of training per se from that of greater practical experience in performing the procedure because physicians with more specific training tend to perform the procedure more often. We found that the inverse volumeoutcome relationship was present even among electrophysiologists, suggesting that maintenance of procedural skills by performing a sufficient volume of procedures continues to be important even among physicians trained specifically in ICD implantation.
The inverse relationship between procedure volume and adverse events for a variety of procedures has led to proposals for minimum volume standards for hospitals, physicians, or both. 33 Such proposals are particularly attractive when the empirical data show a nonlinear relationship between volume and outcome and there is a clear volume threshold below which the rate of adverse events increases sharply. However, when the relationship is smooth and continuous, as it is in the case of ICDs (Figure) , there is no natural point at which to set a minimum standard for procedure volume. In addition, setting a minimum volume standard may have unintended consequences, such as increasing use of inappropriate or borderline procedures by physicians seeking to increase their case volumes, or limiting access to procedures for patients from more sparsely populated regions where procedure volumes are necessarily low. Nevertheless, our data suggest that if the 33 585 patients who had an ICD implanted by a physician in the lower 2 quartiles of procedure volume instead had had their ICD implantation performed by a physician in the higher 2 volume quartiles, there might have been 292 fewer complications and 58 fewer deaths. Consequently, the volume of ICD procedures performed by a physician is pertinent information that might be useful to patients or health plans when choosing providers. Moreover, because our data show larger absolute differences in complication rates between high-and low-volume physicians implanting biventricular and dual-chamber ICDs, physician procedure volume may be a particularly important consideration for these more complex devices than for single-chamber ICDs.
Our study has a number of limitations that should be considered in interpreting its results. First, we were only able to measure the volume of procedures captured in the ICD Registry between 2006 and 2010. Accordingly, we could not evaluate the influence on outcome of a physician's cumulative experience in implanting ICDs or implanting related cardiac devices such as pacemakers. Second, we have data only on adverse events that were evident within the same hospital admission and cannot evaluate longer-term adverse effects that might be attributable to the initial procedure, such as lead dislodgement, late perforation, or infection. Third, we have no data on the appropriateness of the decision to implant an ICD or the balance between the risk of the procedure and the future clinical benefits of having the device in place. Finally, a small number of hospitals participating in the ICD Registry only submitted data for Medicare patients, and a small number of ICD procedures were excluded because the submitted data did not meet the quality standards of the NCDR, which may have biased our results.
In conclusion, physicians who perform ICD implantations more often tend to have fewer adverse events from the procedure and lower periprocedural mortality. This effect was consistent for all subtypes of ICDs, including single-chamber, dual-chamber, and biventricular ICDs. Concentrating ICD implantation in the hands of fewer physicians may improve the clinical outcomes of this increasingly common procedure.
